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I ntroduction*
In continuation of our work (E lliott and Cameron 1937 a) on th e spectrum o f chlorine excited by a high-frequency electrical discharge, we have established th e fact th a t th e discrete bands which appear are due (at least in p art) to th e ionized molecule Cl^. In the publication referred to, we have described m easurem ents of th e wave num bers of th e ban d heads in th e region 3864-5435 A, as well as of th e m axim a of some continua in th e ultra-violet. An extensive vibrational isotope effect was identified in th e discrete bands, and on th e basis of this a suggestion was m ade th a t tw o system s were present, w ith origins situated a t 21000 and 21340 cm.-1 respectively. The vibrational analysis of O ta and U chida (1928) was shown to be untenable, b u t no alternative analysis was p u t forward. I t was sug gested th a t th e intervals of 627 and 632 cm.-1, which occurred frequently, m ight be the vibrational frequency of the chlorine molecule in either th e upper or th e lower state involved.
The bands considered in the present paper, w ith th e exception of th a t a t 26166*5 cin.-1, were all included in th e first paper, b u t in some cases th e wave num bers of th e heads have been slightly am ended. A bout one-half of the ninety-four bands previously tabulated (excluding isotopes) have now been classified and assigned to Cl^. The two systems previously mentioned are now identified as the subsystems of a doublet system; the system origins are much more accurately determined and are found to be situated at 20596-9 and 20797-3 cm .-1 respectively. I t is found that the intervals 627 and 632 (more accurately 627-9 and 633-7 cm.-1) are the vibrational frequencies of Cl^ for the hypothetical levels with vibrational quantum numbers 2\ and 1|.
Photography, measurements, etc.
The apparatus used for generating the chlorine and exciting its band spectrum has already been described in a previous publication (Elliott and Cameron 1937 a) . For photographing the spectrum, a Littrow spectrograph fitted with three prisms of dense flint glass was used, and arrangements for keeping constant the tem perature and pressure of the surrounding air were employed. These arrangements have been described elsewhere (Elliott and Cameron 1937 6) .
In the visible region the spectrum was bright enough to enable Wellington Ortho Process plates to be employed, the exposure times varying from 1 up to 6 hr. In the near ultra-violet region, Ilford Double X-Press plates were used, as the exposure times would have been too long with the slower plate. Even so, an exposure of 50 hr. was necessary to record the band at 26166 cm.-1. In some of the last photographs taken on Double X-Press plates, a great decrease in graininess was obtained by using a fine-grain developer (Morgan, 1936) .
The iron arc was used to provide a comparison spectrum, and the wave numbers of the chlorine band lines were obtained by linear interpolation between two selected iron lines. These wave numbers were corrected by reference to an error curve, constructed from measurements of as many suitable iron-arc lines as could be found between the selected reference lines. Usually a separate error curve was drawn for each band. Great care was taken in the construction of this error curve, since a faulty curve leads to systematic errors in the wave numbers of the lines measured.
D escription of the bands
In no case is the rotation structure of a band resolved right up to the head, but many bands have been found where the structure is sufficiently resolved to show th at there are two branches of approximately equal intensity, and th a t no others of appreciable strength are present. In several bands only a single branch is apparent. This is presum ably due to th e superposition of th e tw o branches which occurs w hen th e ratio of th e ro tatio n constants of upper and lower states has a suitable value (Jevons 1932 a) .
The vibrational isotope effect has already been identified (E lliott and Cameron 1937 a), an d it has been found possible to analyse th e ro tatio n al stru ctu re of th e isotopic pairs (35C12)+ and (35C137C1)+ in a num ber of cases. P late 8 shows th ree such pairs.
I t was expected th a t th e fines of th e bands due to (35C12)+ would show altern ating intensities w ith a ratio of strong to w eak fine intensities of 1-4 to 1, since this ratio has been found in th e Cl2 absorption bands (E lliott 1930) . No altern atio n of intensities has been found, however. The evidence for this, and th e explanation offered, will be given in th e following section.
Intensity measurem ents
A lthough none of th e Cl^ bands exam ined shows an altern atio n in in ten sity of th e b an d fines which is visible to th e eye, it was considered necessary to exam ine this p oint m ore closely by m aking m icrophotom eter records of th e densities of th e ban d fines. B ands 24308 an d 23624 cm .-1 were selected for th e purpose, as th e y are fairly free from overlying bands. R eproductions of m icrophotom eter traces of these bands are shown in P late 8. Com parison of these traces w ith a calibration curve (intensity of fight incident on th e p late against density produced) showed th a t no altern atio n as great as 1*1 r 1 was present. As an altern atin g in ten sity ratio of 1-4 : 1 had been expected, it seemed desirable to establish th a t th e bands were really due to chlorine molecules, and not, for example, to 28S i35Cl and 28S i37Cl or to 31P 35C1 and 31P 37C1, molecules which would give rise to an isotopic separation sim ilar to th a t expected in chlorine. Con clusive evidence was given by th e in ten sity m easurem ents on band 25882 cm.-1 (m ain b an d and isotope), which gave a ratio of intensities for th e corresponding fines in (35C12)+ and (35C137C1)+ of 1-56 : 1. The relative abundance of these molecules calculated from th e atom ic w eight of chlorine, 35*465, is 1*57 : 1. The relative abundance of 28S i35Cl an d 28S i37Cl, which is th e same as th a t of 31P 35C1 and 31P 37C1, is 3*14 : 1. W hilst th e close agree m ent of th e m easured in tensity ratio w ith th e relative abundance of (35C12)+ and (35C137C1)+ m ay be in p a rt fortuitous, th ere is no doubt th a t th e carriers of th e spectrum are chlorine molecules.
The explanation of th e absence of altern atin g intensities, which was suggested to us by D r K ronig (Groningen), is probably th a t neither of th e electronic levels involved in the production of the bands is a 2 state, and th at the A-type doubling is too close for resolution. Each line would then consist of a strong and a weak component, unresolved. A somewhat similar state of affairs occurs in the 2II -2n bands of carbon, except th at there the nuclear spin is zero, and the weak lines are consequently missing, which gives rise to a " staggering" of the consecutive lines in a branch.
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Calculation of the wave numbers of the band heads
Although th e formulae in common use for vibrational isotope separations refer to the band origins rath er th a n to th e band heads, we have calculated th e wave num bers of the heads, because these can in m any cases be more accurately determ ined th a n the origins. This is especially th e case w ith the 
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P -b ra n c h P -b ra n c h P -b ra n c h P -b ra n c h P -b ra n c h "l "*\ bands of (35C137C1)+, where the observations sometimes did not permit the calculation of B values, which is necessary if origin wave numbers are to be determined from the wave numbers of the band lines. On the other hand, it is a fairly simple m atter to determine the wave number of the head. When the D values are small (as has been found to be the case here), the mean wave numbers of adjacent P and R lines, if plotted against successive T a b l e I ( c)
Su b s y s t e m I I B a n d 7 2 B a n d 7 -» 1 B an d 9 -* 1 P -b ra n c h R -branch P -b ra n c h P -b ra n c h P -b ra n c h P -b ra n c h integers, are parabolic to a high degree of accuracy, and the vertex of the parabola is a t the head of the band. From such mean wave numbers of P and R lines, the vertex or head may be obtained by extrapolation. This procedure was suggested to us by Mr H. Bell (Manchester). The advantage of the method is th a t where P and R lines are not resolved (which is the case near the heads of many of the bands measured) no error is introduced because 
P -b ra n c h P -b ra n c h P -b ra n c h P -b ran ch P -b ran ch of the lack of resolution. The vibrational isotope separations given in Table  I I I have been calculated from the wave numbers of heads obtained in this way. Calculation shows that, adopting the B values here given, the interval between band head and origin lies between 0-55 and 0-43 cm.-1 for the bands measured. The error in the vibrational isotope separations due to using head instead of origin wave numbers is therefore quite inappreciable.
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Analysis of the bands
All the observed features of the bands are accounted for if they are assumed to belong to a 2n -2II system, with both states in case ( ) of H und's classification. The evidence for this is as follows.
The vibrational analysis shows th at two systems or subsystems exist; these have slightly different vibrational constants in the upper electronic state and apparently identical vibrational constants in the lower state. The rotational constants are, however, not identical for the lower electronic level, hence the systems have not a common electronic level. Further, the rotational analysis (see later) shows th a t the rotational quantum number is half-integral, which is the case for a doublet state (even multiplicity). The absence of alternating intensities excludes S states, and there remain as possibilities (if we exclude quartet states) the transitions 2II -2II or 2A-2A, either of which, for H und's case (a), gives two sub-bands with P and branches of nearly equal intensity (at least for high ./-values) and a very weak Q branch whose intensity falls very quickly with increasing and which could not be observed unless all the band lines were well resolved. The states of Cl2 being of odd multiplicity, it follows th a t the observed emission bands must be due to Cl^, the possibility of which has been mentioned by Mulliken (1934) . The lowest state of Cl^ is (ibid.) a 2II state, and it seems therefore not unlikely th a t the bands are 2I I -2n (see, however, the section on the energy of dissociation of Cl^). No certain evidence as to the number of missing lines is available to support this assignment. In this connexion, reference should be made to the concluding remarks.
The vibrational scheme proposed for (35C12)+ is shown in Table II ; the subsystems are designated I and I I provisionally. A striking feature is the frequent absence of alternate bands in the progressions. Whilst all bands have been recorded which fit into these two subsystems, a transition not recorded in Table II is not necessarily absent, for the heads of some bands would fall in regions where they could not with certainty be recognized owing to the overlapping of other bands. I t may be noted th a t whereas in subsystem I the bands which have odd v' values are frequently not observed, in subsystem II it is the bands from the even levels which are occasionally missing.
The intensity distribution appears to be of the type with the open Franck-Condon parabola, which is characteristic of bands for which the internuclear distances of the molecule differ considerably in the two electronic states, the upper electronic state having the greater internuclear distance. Bands corresponding to the low frequency branch of the parabola would fall in the region below 18000 cm.-1 (5554 A), where the presence of strong atomic lines makes the observation of bands difficult. No bands have been definitely recorded here, though they may exist.
The rather meagre array of bands in Table II would not establish the correctness of the vibrational scheme, were the latter not very satis factorily confirmed by the rotational analysis. To save space, no rotational combination differences are given, but attention is directed to the table of rotation constants for (35C12)+ (Table IV) , where good agreement is found for the common level of bands in the same progression.
The wave numbers of the heads of the bands of (35C12)+ have been fitted to a formula of the usual type, in which, however, a term in v'z is re In Table II the wave numbers of the heads calculated from these formulae may be compared with the observed values for (35C12)+. The vibrational quantum numbers have been chosen so as to give the best fit between the observed vibrational isotope separations and those calculated from equa tion 125 (a) on p. 212 of Jevons' " Report on Band Spectra of Diatomic Molecules" . No other numbering which we have tried gives such good agreement between observed and calculated isotope separations and the numbering adopted is therefore taken as absolute; Table I I I shows the observed and calculated isotopic separations, for those bands in which the heads have been calculated by extrapolation of rotation line wave numbers. The agreement is in general good, though a better fit might have been expected in bands 4->3 and 10->0 of subsystem I, and in band ll-> 0 of subsystem II.
Since the bands are not resolved up to the origin, it was not possible to identify P and R branches and assign rotational quantum numbers inspection. Combination differences were therefore sought which should be identical for the common level of bands in the same progression. A unique set of combination differences was found, fitting the vibrational scheme of Table II . The P and R branches could then be identified by noting that, of the two lines concerned in a combination difference, the R line has the higher frequency. Since the upper state differences are given by
it was possible to assign J values to the lines from the observed set of com bination differences, as well as to calculate the rotation constant B'. I t was found th a t D' was too small to be determined. The rotation constant B" was calculated from the lower state differences using the corresponding equation. Here again D" was found to be negligible. In both states, the combination differences, when plotted against a series of integers M, became zero (on extrapolation) at an integral value of . This shows th at J is half-integral for both states. The rotation constants for (35C12)+ are given in Table IV . For the weaker isotopic bands of (35C1 37C1)+ the measurements were only accurate enough to provide an approximate confirmation of the rotational isotope effect, and consequently are not reproduced here. of each subsystem. These values, expressed in electron-volts, are given in Table V . It must be remarked th a t all the extrapolations are very long; those for D' are particularly uncertain because 0/ is not linear in v'.
Taking the ionization potentials of Cl and Cl2 as 12-96 (Ruark and Urey 1930) and 13-2 V (Mackay 1924) respectively, and the energy of dissociation of the normal chlorine molecule Cl2 as 2-468 e-volts (Jevons 1932 b) , the energy of dissociation of normal CLf into 2P u + 3P2 ig 2*23 e-volts. This is much lower than the figure (4-4 e-volts) which we find for the lower state of the bands investigated.
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T h e separations m ark ed * are ta k e n from th e head m easurem ents of an earlier p a p e r (E lliott an d C am eron 1937 a), an d are on th e whole less accurate th a n the rem ainder, which are derived from ro ta tio n d ata. * These bands have superposed P an d R branches, and th eir rotatio n constants a re less accurate th a n those of th e oth er bands in this table. ve: system origin.
Concluding remarks
Besides the bands assigned to subsystems I and II, there are other bands in the spectrum which have not yet been classified; four of these bands have proved suitable for rotational analysis. Choosing the numbering of the lines of these four bands so as to give rotation constants of the same magni tude as those found for the classified bands, the B values given in Table IV have been calculated. These B values show th a t the bands cannot be assigned to either of the two subsystems, and it seems possible th a t they belong to another doublet system, whose origin (as shown by the magnitude of the isotopic head separations) lies close to th a t of the two subsystems. Frag ments of such a doublet system have been observed, but no analysis has yet been possible. I t seems likely th a t the molecular constants are of similar magnitude to those listed in Table V , and there is a possibility th a t we have here not two doublet systems, but a quartet system. Some slight evidence exists th a t band 7 -> 1 in subsystem II may be a 4A3i-4A3J band, for the line P(3^) appears to be missing or of low intensity in this band (see PI. 8). However, evidence based on intensities in a crowded system such as this may be misleading. The other bands are unfavourably situated for observing intensities near the origin, though in band 8 -> l (subsystem I) the line
36-2
P{2b) + appears to be weak. W ithout higher resolution than we have at our disposal, greater certainty in this m atter cannot be obtained.
Summary
The emission bands of chlorine have been photographed under high dis persion, and the wave numbers of many of the band lines have been measured. Vibrational and rotational analyses have been made for several bands, and it is shown th a t these bands belong to a doublet system, possibly 2n -2n , and th a t the carriers of the spectrum are ionized chlorine mole cules. No alternation of intensity is observed, showing th a t the A-type doubling is unresolved.
Values for the chief molecular constants of (35C12)+ are given. Many of the bands observed do not fit into the doublet system, and it seems likely th a t a second system, of similar structure to the one analysed, has its origin situated near the first one.
The energy of dissociation of the lower state of the doublet bands, as determined by the method of Birge and Sponer, is considerably greater than th a t calculated for the normal state of Cl^ from molecular and atomic ionization potentials and from the heat of dissociation of the normal state of neutral Cl2.
